Green T, Rodriguez J, Navar LG. Augmented cyclooxygenase-2 effects on renal function during varying states of angiotensin II. Am J Physiol Renal Physiol 299: F954 -F962, 2010. First published July 28, 2010 doi:10.1152/ajprenal.00609.2009.-Nonsteroidal anti-inflammatory drug usage has long revealed renoprotective prostaglandin actions on the renal microvasculature during increased pressor hormone influence, but whether increased cyclooxygenase (COX)-2 expression supports prostaglandin vasodilatory influence by interfering with the actions of ANG II remains unresolved. Therefore, we tested the hypothesis that COX-2 inhibition causes hemodynamic and excretory effects that are increased in proportion to ANG II activity. In anesthetized Sprague-Dawley rats having augmented cortical COX-2 expression but different ANG II activity, we conducted renal clearance experiments during acute inhibition of COX-2 with nimesulide (NMSLD) and inhibition of COX-1 with SC-560. In one series of experiments, acute captopril [acute angiotensin-converting enzyme (ACE) inhibitor (aACEi)] was administered alone (n ϭ 13) or in combination with chronic captopril [chronic ACEi (cACEi)] pretreatment (n ϭ 19). In another series of experiments, rats were fed a normal-sodium [0.4% (NS), n ϭ 12] or a low-sodium [0.03% (LS), n ϭ 18] diet. NMSLD did not alter mean arterial blood pressure in any group but, in the LS and cACEi groups, decreased renal plasma flow (from 3.99 Ϯ 0.33 to 2.85 Ϯ 0.26 and from 4.30 Ϯ 0.19 to 3.22 Ϯ 0.21 ml·min Ϫ1 ·g Ϫ1 ), cortical blood flow (Ϫ12 Ϯ 8% and Ϫ13 Ϯ 4%), and glomerular filtration rate (from 0.88 Ϯ 0.04 to 0.65 Ϯ 0.05 and from 0.95 Ϯ 0.07 to 0.70 Ϯ 0.05 ml·min Ϫ1 ·g Ϫ1 ). In contrast, medullary blood flow (MBF) was significantly decreased by COX-2 inhibition in NS (Ϫ24 Ϯ 5%), LS (Ϫ27 Ϯ 8%), aACEi (Ϫ16 Ϯ 3.8%), and cACEi (Ϫ24 Ϯ 4.2%) groups. Absolute and fractional sodium excretion rates were unchanged by NMSLD, except in the LS group (0.75 Ϯ 0.05 eq/min and 0.43 Ϯ 0.15% and 0.51 Ϯ 0.06 eq/min and 0.26 Ϯ 0.10%). SC-560 did not augment the effects of NMSLD. These results demonstrate an augmented COX-2-mediated vasodilation that is not contingent on ANG II, in contrast to COX-2-mediated augmented sodium excretion, where ANG II activity is requisite. Furthermore, the COX-2 effects on MBF are not contingent on ANG II or changes in cortical microvascular responses. These results reflect COX-2 continual regulation of MBF and adaptive opposition to ANG II prohypertensinogenic effects on renal plasma flow, cortical blood flow, glomerular filtration rate, and absolute and fractional sodium excretion.
system (RAS) (21, 36, 38, 41) . Interactions of the COX isoforms with the RAS system have been revealed by several expression studies; however, critical uncertainties remain. For example, angiotensin (AT 1 ) receptor stimulation augments COX-2 expression in vascular smooth muscle cells (24) , whereas AT 1 receptor blockade increases cortical COX-2 expression in the kidney (40) . Furthermore, the augmented renocortical COX-2 expression by AT 1 receptor blockade or angiotensin-converting enzyme (ACE) inhibition mirrors that produced by sodium restriction (14) , despite their opposite effects on kidney ANG II concentrations (8) .
Clinical observations and in vivo studies provide functional support for an antagonism between prostaglandin renoprotective and RAS hypertensinogenic actions. Nonselective COX inhibition decreases total renal blood flow (RBF) (23) and medullary blood flow (MBF) (7) and increases vascular resistance in kidneys preconstricted with ANG II (7, 23) . When studies involving nonselective inhibition of renal COX are reconsidered in view of more recent isoform-distinct experiments, COX-2 appears to mediate the dynamic hemodynamic and excretory effects previously attributed to COX-1 or both isoforms. For example, nonselective COX inhibition-mediated reductions of glomerular filtration rate (GFR), RBF, sodium excretion, and urine flow in sodium-restricted animals are similar to those precipitated by acute or chronic COX-2 inhibition in similar models (30, 31) . The effects of dietary sodium restriction to augment macula densa COX-2 expression help explain the increased COX-2 influence on renal hemodynamics (13, 42) . Furthermore, the potential of COX-2 to mediate the prostaglandin antagonism of hypertension is evident from the effects of COX-2 inhibitors to increase blood pressure in ACE inhibitor-treated patients (18) .
Functional opposition of prostaglandin and ANG II is more commonly observed when nonsteroidal anti-inflammatory drugs and COX-2 inhibitors are applied during high activity of the RAS compared with control conditions. As a result, such effects are often considered to be the consequence of greater unopposed ANG II, rather than withdrawal of prostaglandin vasodilatory influence. However, it is equally plausible that prostaglandins act by modulating ANG II effects. Support for this kind of interference has been shown, where ANG IImediated elevations of intracellular calcium are attenuated in vascular smooth muscle cells by prostaglandin analogs (28) and are augmented by interrupted prostaglandin synthesis in preglomerular vessels of both kidneys in 2K1C rats (15) . Were this applicable, the dearth of ANG II activity would render COX-2-dependent prostaglandin availability functionally irrelevant.
Studies during augmented COX-2 expression could provide insight into pleiotropic prostaglandin-mediated vasodilation or vasoconstriction; whether such responses to prostaglandin are contingent on intrarenal ANG II activity is unresolved (28) . Therefore, we employed pharmacological COX-2 inhibition in two rat models, similar in directional change of COX-2 expression but dissimilar in ANG II activity, to test the hypothesis that hemodynamic and excretory manifestations of COX-2 inhibitor effects are increased in proportion to ANG II concentrations. In particular, we compared COX-2 inhibitor-mediated hemodynamic and excretory changes in mean arterial blood pressure (MABP), RPF, cortical blood flow (CBF), MBF, GFR, urine flow, and absolute and fractional sodium excretion (U Na and FE Na ) in rats subjected to ACE inhibition and sodium restriction.
Because the interventions respectively attenuate and augment intrarenal ANG II activity (8, 9) , the ANG II-dependent component can be demonstrated by comparisons of hemodynamic with excretory indexes. Qi et al. (29) demonstrated that the COX isoforms differ in their modulation of ANG II effects on renal function in normal mice. Therefore, we also investigate the effects of COX-1 on COX-2 modulation of ANG II effects.
MATERIALS AND METHODS

Experimental Studies
The experiments were approved by the Tulane Institutional Animal Care and Use Committee. Male Sprague-Dawley rats (325-350 g; Charles River Laboratories, Wilmington, MA) were subjected to protocols that varied dietary salt or length of ACE inhibition. Prior to clearance studies, normal-sodium [0.4% (NS), n ϭ 12] and lowsodium [0.03% (LS), n ϭ 18] groups were fed semisynthetic rat chow (Harlan Teklad, Madison, WI) for 5 days. Rats in the acute ACE inhibition (aACEi) group (n ϭ 13) were fed the NS diet and drinking water. Rats in the combined ACE inhibition (cACEi) group (n ϭ 19) were given captopril (100 mg/l) in the drinking water for 7 days. Therefore, by combining acute and chronic ACE inhibition, we sought to amplify the ANG II concentration difference to further appreciate the effects of constitutive and augmented COX-2 activity during attenuated ANG II biosynthesis.
Renal clearance studies were performed in rats anesthetized with thiobutabarbital sodium (Inactin, 100 mg/kg body wt ip) and placed on a heated platform to maintain body temperature at 37°C. After tracheotomy via a polyethylene (PE-250) catheter to maintain a patent airway, a PE-50 catheter was introduced into the left jugular vein for continuous infusions (0.02 ml/min) of 6% BSA in isotonic (0.9%) saline to compensate for volume losses during the surgery. Arterial blood was sampled and MABP was monitored via a PE-50 catheter inserted into the right femoral artery. A PE-10 catheter was introduced via the left femoral artery and advanced to the renal artery for administration of drugs during the experiment.
The left kidney was exposed by flank incision and secured in a Lucite holder. The left ureter was cannulated, and fiber tips of needle flow probes (500 m diameter), connected to a laser-Doppler flowmeter (Periflex 4001, Perimed, Stockholm, Sweden), were inserted 1 and 4 mm below the surface of the kidney to measure the changes in CBF and MBF, respectively. After the surgery, an initial 1-ml bolus of a solution containing 1% BSA, 7.5% sinistrin (Inutest, Laevosan, Linz, Austria), and 1.5% p-aminohippuric acid (Merck, Sharp & Dohme, West Point, PA) in isotonic saline (0.9%) was administered and infused (1.2 ml/h) for the duration of the experiment via the left jugular vein catheter. A 1-h stabilization and equilibration period was then allowed prior to the start of the urine collection periods.
Sodium series. In the NS and LS groups, urine was collected for two 30-min control periods. Next, injection of a bolus of the selective COX-2 inhibitor nimesulide (3 mg/kg body wt) or a 50 mM sodium carbonate vehicle (1 ml/kg body wt) was followed by a 15-min delay. Nimesulide has been previously shown to be selective for COX-2 (4, 34) and to elicit alterations in renal function (26, 30, 31) . The third and fourth 30-min urine samples were collected during COX-2 inhibition. Subsets of the NS (n ϭ 4) and LS (n ϭ 8) groups were then subjected to selective COX-1 inhibition with SC-560 (5 mg/kg body wt; Cayman Chemicals, Ann Arbor, MI) or DMSO vehicle. Thereafter, two additional urine samples were collected during COX-1 inhibition. Plasma was acquired from centrifuged blood samples collected after the first, third, and, when applicable, fifth 30-min urine collection periods.
ACE inhibition series. After the stabilization period in the aACEi (n ϭ 13) and cACEi (n ϭ 19) groups, urine was collected during two 20-min control periods. Then captopril (5 mg/kg body wt) was administered. After 10 min, samples were obtained over two additional 20-min clearance periods. Then nimesulide (3 mg/kg body wt) or a 50 mM sodium carbonate vehicle (1 ml/kg body wt) was administered. After 15 min, samples were obtained over two 20-min COX-2 inhibition periods. Urine was collected during each 20-min period, and plasma samples were obtained from centrifuged blood samples after the first, third, and fifth 20-min periods. Subsets of the acute (n ϭ 4) and combined (n ϭ 8) inhibition groups were also subjected to selective COX-1 inhibition with SC-560 (5 mg/kg body wt) or DMSO vehicle. Thereafter, two additional urine samples were collected during COX-1 inhibition. Plasma was acquired from centrifuged blood samples collected after the first, third, fifth, and, when applicable, seventh 20-min urine collection periods. In all rats, red blood cells were reconstituted in isotonic saline and returned to the rat through the jugular vein catheter.
After the experiment, rats were euthanized with KCl, and the excised kidneys were sliced to verify flow probe depth. Kidneys were weighed and frozen in liquid nitrogen. Blood and urine samples were assayed for inulin and p-aminohippuric acid by colorimetric assay to derive RPF and GFR. Urine flow was determined gravimetrically. Total prostaglandin and PGE 2 concentrations in the urine were measured by commercial enzyme immunoassay kits (Cayman Chemicals) and multiplied by respective urine flows to calculate prostaglandin excretion rates. Plasma and urinary sodium and potassium concentrations were measured by flame photometry. Plasma renin activity (PRA) was measured by radioimmunoassay.
Immunohistochemistry
COX-2 expression was localized in mounted kidney slices with specific antibodies against murine COX-2 (Cayman Chemicals) and processed as previously described (37) . Briefly, renal cortical slices were fixed in Bouin's fixative, and the first antibody immunostaining was developed with diaminobenzidine-hydrogen peroxide to give a brown color. Appropriate immunostaining controls were done. The sections were observed and photographed on a Nikon Eclipse 50i microscope with a Nikon DS-U2/L2 USB camera.
Statistical Analysis
Values are means Ϯ SE. Bonferroni-corrected paired Student's t-tests were used to analyze changes in MABP, GFR, RPF, urine flow, and U Na and FENa within groups before and after nimesulide or SC-560, within ACE-inhibited groups before and after captopril, and within groups before and after combined selective COX-1 and COX-2 inhibition. Unpaired Welch's t-tests were used to analyze parameters within and between series, including percent changes averaged from each experiment within and between series comparing pharmacological agents with vehicle. Statistical significance was identified at P Ͻ 0.05.
RESULTS
COX-2 immunoreactivity in cortical kidney slices in the NS and aACEi groups was 0.7 Ϯ 0.2 and 1 Ϯ 0.2 cells/mm 2 , respectively ( Fig. 1) . Sodium restriction and combined ACE inhibition significantly increased the number of positive cells to 1.9 Ϯ 0.5 and 2.5 Ϯ 0.7 cells/mm 2 , respectively (P Ͻ 0.01). In the NS group, initial total prostaglandin and PGE 2 excretion rates were 42.3 Ϯ 8.1 and 10.1 Ϯ 2.0 pg/min, respectively, and significantly less than the initial rates in the LS group (83.4 Ϯ 6.8 and 21.7 Ϯ 5.2 pg/min, respectively, P Ͻ 0.05). The initial total prostaglandin and PGE 2 excretion rates in the aACEi group (45.6 Ϯ 9.2 and 11.3 Ϯ 2.7 pg/min, respectively, P Ͻ 0.05) were similar to those of the NS group and were significantly increased by acute captopril (67.5 Ϯ 11.3 and 18.6 Ϯ 4.1 pg/min, respectively, P Ͻ 0.05). The initial total prostaglandin and PGE 2 excretion rates were significantly greater in the cACEi group (93.8 Ϯ 13.5 and 27.4 Ϯ 3.7 pg/min, respectively) than the aACEi group (P Ͻ 0.05), were similar to the LS group, and were unchanged by acute captopril (100.1 Ϯ 15.3 and 29.2 Ϯ 2.7 pg/min, respectively). COX-2 inhibition significantly decreased these rates in the NS (12.6 Ϯ 2.3 and 2.9 Ϯ 1.5 pg/min, respectively), LS (24.4 Ϯ 1.9 and 6.1 Ϯ 1.5 pg/min, respectively), aACEi (19.7 Ϯ 3.2 and 5.3 Ϯ 1.2 pg/min, respectively), and cACEi (27.1 Ϯ 3.8 and 7.8 Ϯ 1.1 pg/min, respectively) groups.
COX-1 inhibition significantly decreased total prostaglandin excretion in the NS (7.4 Ϯ 1.9 pg/min, P Ͻ 0.05 vs. COX-2 inhibition) and cACEi (15.8 Ϯ 3.2 pg/min, P Ͻ 0.05 vs. COX-2 inhibition) groups and remained significantly lower than initial rates in all groups (Table 1) . Compared with values during COX-2 inhibition, PGE 2 excretion was significantly decreased by COX-1 inhibition only in the cACEi group (5.2 Ϯ 1.5 pg/min, P Ͻ 0.05; Table 1 ).
MABP in NS rats averaged 116 Ϯ 4 mmHg during the control period ( Fig. 2A ) and 118 Ϯ 4 mmHg after nimesulide. The initial arterial pressure in the LS group was 126 Ϯ 6 mmHg and was not altered after nimesulide bolus (131 Ϯ 7 Fig. 1 . Cyclooxygenase (COX)-2 protein immunoreactivity in kidney cortical slices (3 m). The immunoperoxidase technique was used for specific staining in rats fed normalsalt (NS) and low-salt (LS) diets for 5 days (A and B, respectively), as well as in rats without captopril pretreatment (aACEi, C) and rats pretreated with captopril (100 mg/kg body wt) for 7 days (cACEi, D). E: quantification of COX-2 protein immunoreactivity. *P Ͻ 0.05. Values are means Ϯ SE. Nimesulide (3 mg/kg body wt) was used for cyclooxygenase (COX)-2 inhibition, and SC-560 (5 mg/kg body wt) was used for COX-1 inhibition. Mean arterial blood pressure (MABP) and renal hemodynamic and excretory function were studied in a subgroup of rats fed the normal-salt (NS) or low-salt (LS) diet for 5 days as well as in a subgroup of rats without (aACEi) or with (cACEi) captopril pretreatment (100 mg/kg body wt) for 7 days. RPF, renal plasma flow; CBF, cortical blood flow; MBF, medullary blood flow; GFR, glomerular filtration rate; UNa and FENa, absolute and fractional sodium excretion. Ϫ1 , P Ͻ 0.05). Nevertheless, there were no significant differences in MABP between LS and NS groups during control periods or subsequent to COX-2 inhibition.
During the initial period, MABP was lower in the cACEi than in the aACEi group (94 Ϯ 4 vs. 107 Ϯ 6 mmHg, P Ͻ 0.05; Fig. 2B ). Administration of captopril to the pretreated rats did not further affect MABP (100 Ϯ 7 mmHg), nor did the subsequent nimesulide treatment (102 Ϯ 7 mmHg). In the aACEi group, MABP was significantly decreased (96 Ϯ 8 mmHg, P Ͻ 0.05 vs. control value) by captopril to values similar to those in the cACEi rats. MABP was not significantly changed by COX-2 inhibition in the aACEi group (101 Ϯ 8 mmHg). In the subgroups treated with SC-560, MABP after COX-1 inhibition remained similar to MABP after COX-2 alone in each experimental group ( Fig. 3A . RPF in the LS group was significantly reduced by nimesulide from 3.99 Ϯ 0.33 to 2.85 Ϯ 0.26 ml·min Ϫ1 ·g kidney wt Ϫ1 (Ϫ17.6 Ϯ 4.5%, P Ͻ 0.05). CBF was not significantly changed by nimesulide (Fig. 3C) in the NS group (Ϫ2.1 Ϯ 3.0%) but was significantly decreased in the LS group (Ϫ12.1 Ϯ 8%, P Ͻ 0.05 vs. vehicle). In contrast, MBF (Figs. 3D) was decreased significantly by COX-2 inhibition in the NS (Ϫ22.0 Ϯ 4.5%, P Ͻ 0.05 vs. vehicle) and LS (Ϫ25.6 Ϯ 4.7%, P Ͻ 0.05 vs. vehicle) groups, and to a similar extent.
In the NS and LS subgroups, RPF after COX-1 inhibition was similar to that after COX-2 inhibition, and CBF and MBF percent changes after COX-1 inhibition were not significantly different from those after vehicle infusion ( (Fig. 3B) . After acute captopril bolus, RPF was significantly elevated to 4.51 Ϯ 0.29 ml·min Ϫ1 ·g kidney wt Ϫ1 (P Ͻ 0.05), but consequent COX-2 inhibition failed to elicit a significant change in RPF (3.95 Ϯ 0.14 ml·min Ϫ1 ·g kidney wt Ϫ1 ). CBF, similarly, was significantly increased by captopril (9 Ϯ 0.8%, P Ͻ 0.05), with nonsignificant change (Ϫ2 Ϯ 0.6%) after nimesulide (Fig. 3C) . On the other hand, MBF in the aACEi group did not change with captopril (Ϫ6 Ϯ 4.4%) but was reduced Ϫ16.3 Ϯ 4.2% by subsequent nimesulide (Figs. 3D) .
In the cACEi group, RPF in the control period was 3.81 Ϯ 0.20 ml·min Ϫ1 ·g kidney wt
Ϫ1
, which was not significantly changed by acute captopril administered to these already chronically ACE-inhibited rats ( Fig. 3B; 4 ). Furthermore, RPF after acute captopril in aACEi or cACEi rats (4.50 Ϯ 0.45 ml·min Ϫ1 ·g kidney wt Ϫ1 ) was not statistically different. In the cACEi group, COX-2 inhibition significantly reduced (P Ͻ 0.05) RPF to 3.22 Ϯ 0.21 ml·min Ϫ1 ·g kidney wt Ϫ1 (Ϫ20 Ϯ 9%). CBF was also unchanged by captopril (5.3 Ϯ 1.2%) but was decreased significantly (Ϫ13.3 Ϯ 3.8%, P Ͻ 0.05) by nimesulide (Fig.  3C) . MBF in this group showed a similar pattern of change, with no significant difference introduced by ACE inhibition (Ϫ9.7 Ϯ 6%) but a significant Ϫ24.4 Ϯ 3.9% reduction (P Ͻ 0.05) in response to COX-2 inhibition (Fig. 3D) . The nimesulide-mediated MBF reduction was not significantly different between aACEi and cACEi rats. Administration of vehicle or subsequent COX-1 inhibitor alone did not affect RPF or MBF in any experimental group.
RPF after COX-1 inhibition was similar to RPF after COX-2 inhibition in all ACE-inhibited subgroups. Similarly, in aACEi and cACEi groups, SC-560 and vehicle infusion resulted in similar percent changes in CBF and MBF. However, in the ). GFR prior to COX-2 inhibition was not significantly influenced by dietary sodium. Control GFR in the NS group was 0.96 Ϯ 0.06 ml·min Ϫ1 ·g kidney wt Ϫ1 and was not significantly altered by nimesulide (0.81 Ϯ 0.12 ml·min Ϫ1 ·g kidney wt Ϫ1 , Ϫ15 Ϯ 2.9%; Fig. 4A ). However, in the LS group, nimesulide caused a significant fall in GFR (Ϫ38 Ϯ 2.2%, P Ͻ 0.05) from 0.93 Ϯ 0.03 ml·min Ϫ1 ·g kidney wt Ϫ1 during the control period to 0.75 Ϯ 0.09 ml·min Ϫ1 ·g kidney wt Ϫ1 . Similarly, no differences in urine flow were found during the control periods in NS and LS rats ( Fig. 5A; 15 .70 Ϯ 2.36 and 11.7 Ϯ 1.6 l/min), and only in the LS group did nimesulide cause a significant decrease (7.5 Ϯ 1.2 l/min, P Ͻ 0.05).
In the salt series subgroups subjected to COX-1 inhibition, GFR and urine values were not changed by COX-2 inhibition in the NS subgroup but were altered in the LS subgroup (from 0.93 Ϯ 0.03 ml·min Ϫ1 ·g kidney wt Ϫ1 and 17.68 Ϯ 3.61 l/min to 0.75 Ϯ 0.09 ml·min Ϫ1 ·g kidney wt Ϫ1 and 10.84 Ϯ 3.53 l/min, P Ͻ 0.05; Table 1 ). A difference in GFR was not demonstrated by combined selective COX isoform inhibition (0.84 Ϯ 0.07 ml·min Ϫ1 ·g kidney wt Ϫ1 ) compared with values during the control or the COX-2 inhibition period in any subgroup. However, in the LS subgroup, urine flow subsequent to the addition of SC-560 was maintained at a significantly lower level than during the control period (8.84 Ϯ 1.93 l/min), although it was not different from urine excretion measured during COX-2 inhibition. ) were not significantly different (Fig. 4B) . In the aACEi group, GFR was not significantly altered after captopril (1.10 Ϯ 0.08 ml·min ). However, after nimesulide treatment, GFR was significantly reduced (P Ͻ 0.05) to 0.70 Ϯ 0.05 ml·min Ϫ1 ·g kidney wt Ϫ1 . Urine flow was significantly (P Ͻ 0.05) lower in cACEi than in nonpretreated rats (Fig. 5B) . Captopril did not significantly change urine flow in cACEi or aACEi rats (from 10.1 Ϯ 1.6 to 12.9 Ϯ 1.4 and from 15.3 Ϯ 2.0 to 18.6 Ϯ 1.6 ml/min, respectively). Successive COX-2 inhibition significantly decreased urine flow in the cACEi group (8.5 Ϯ 1.2 ml/min), but not in the aACEi group (16.6 Ϯ 1.1 ml/min).
In the aACEi subgroup, GFR and urine flow during combined selective COX-1 and COX-2 inhibition were not significantly different from GFR and urine flow before COX-1 or COX-2 inhibition. In the cACEi subgroup, GFR and urine flow were significantly decreased by COX-2 inhibition (from 1.02 Ϯ 0.08 to 0.78 Ϯ 0.04 ml·min Ϫ1 ·g kidney wt Ϫ1 and from 16.33 Ϯ 3.76 to 11.78 Ϯ 3.61 l/min, P Ͻ 0.05; Table 1 ) and, during combined selective COX isoform inhibition, were not significantly different (0.81 Ϯ 0.08 ml·min Ϫ1 ·g kidney wt Ϫ1 and 11.43 Ϯ 3.00 l/min) from values during the control period.
U Na (Fig. 6A ) and FE Na (Fig. 6C ) in the NS group were not significantly altered by COX-2 inhibition (1.46 Ϯ 0.19 eq/ min and 0.62 Ϯ 0.23% vs. 1.53 Ϯ 0.18 eq/min and 0.59 Ϯ 0.25%). Dietary salt restriction reduced control U Na , and COX-2 inhibition further decreased U Na and FE Na in the LS group from 0.75 Ϯ 0.05 eq/min and 0.43 Ϯ 0.15% to 0.51 Ϯ 0.06 eq/min and 0.26 Ϯ 0.10% (P Ͻ 0.05 for both comparisons). Vehicle infusions did not alter urine flow or U Na or FE Na in the LS or NS group.
After COX-1 inhibition, sodium excretion in the subgroups of the salt series was similar to that after COX-2 inhibition. In the LS subgroup, the difference between U Na and FE Na during the control period (0.81 Ϯ 0.12 eq/min and 0.48 Ϯ 0.10%) and COX-2 inhibition (0.62 Ϯ 0.28 eq/min and 0.21 Ϯ 0.07%) was not observed during combined COX-1 and COX-2 inhibition (0.59 Ϯ 0.15 eq/min and 0.23 Ϯ 0.11%).
Control U Na in cACEi rats (Fig. 6B ) was significantly less (P Ͻ 0.05) than that in non-captopril-pretreated rats (0.38 Ϯ 0.15 vs. 1.36 Ϯ 0.12 eq/min). FE Na during the control period in the aACEi and cACEi groups were 0.40 Ϯ 0.09% and 0.25 Ϯ 0.09%, respectively, and not significantly different (Fig. 6D) . In nonpretreated rats, acute ACE inhibition significantly elevated U Na (P Ͻ 0.05, 1.64 Ϯ 0.13 eq/min) but did not significantly alter FE Na (0.51 Ϯ 0.17%), and U Na and FE Na were not affected by consequent COX-2 inhibition (1.57 Ϯ 0.12 eq/min and 0.79 Ϯ 0.15%). In rats subjected to chronic ACE inhibition, U Na in the control period was not statistically changed by administration of captopril (0.58 Ϯ 0.15 eq/min, 0.30 Ϯ 0.13%). These values were also not altered by nimesulide (0.40 Ϯ 0.09 eq/min, 0.33 Ϯ 0.14%) or vehicle in any rat subjected to ACE inhibition. COX-1 inhibition in aACEi and cACEi animals did not result in sodium excretion values that were different from those during COX-2 inhibition or before COX inhibition (Table 1) .
DISCUSSION
These experiments were performed to examine the interaction between ANG II and the effects of nimesulide on renal function during increased cortical COX-2 expression. Our findings show that ACE inhibition and sodium restriction, maneuvers associated with augmented COX-2 expression, result in greater nimesulide-mediated reductions in RPF, GFR, and urine flow than those observed in normal rats. These effects appear to be independent of the prevailing intrarenal RAS activity, unlike the COX-2 inhibition-mediated reduction in sodium excretion that occurred only during augmented RAS activity. In contrast, COX-2 inhibition consistently reduced Fig. 5 . A: effects of COX-2 inhibition [COX-2(Ϫ); nimesulide, 3 mg/kg body wt] on urine flow in rats maintained on NS or LS for 5 days. B: effects of COX-2 inhibition on urine flow in rats after acute captopril (5 mg/kg body wt) alone (aACE) or in combination with chronic captopril (100 mg/kg body wt) for 7 days (cACE). *P Ͻ 0.05. Fig. 4 . A: effects of COX-2 inhibition [COX-2(Ϫ); nimesulide, 3 mg/kg body wt] on glomerular filtration rate (GFR) in rats maintained on NS or LS for 5 days. B: effects of COX-2 inhibition on GFR in rats after acute captopril (5 mg/kg) alone (aACE) or in combination with chronic captopril (100 mg/kg body wt) for 7 days (cACE). *P Ͻ 0.05.
MBF and did not rely on increased ANG II activity, changes in cortical COX-2 expression, or renal microvascular responses.
In reference to the hemodynamic consequence of upregulated COX-2 expression, the results suggest that the COX-2 inhibitioninduced alterations in renal hemodynamics of sodium-restricted and ACE-inhibited rats reflect acute interruption of augmented prostaglandin biosynthesis. We observed that COX-2 inhibition does not elicit significant alterations of RPF and GFR under NS conditions. This finding is consistent with previous in vivo studies under NS conditions that have not demonstrated a discernible consequence of acutely attenuated prostaglandin biosynthesis on renal hemodynamics (11, 26, 30) . Furthermore, afferent arteriolar diameters of juxtamedullary nephrons in NS rats were not changed by COX-2 inhibition with NS-398 (16) .
Similar to our present findings in rats, sodium-restricted dogs exhibited decreases in GFR and RPF with acute or chronic nimesulide treatment (30, 31) . In addition, we present the novel finding that nimesulide decreases GFR and RPF in chronically ACE-inhibited rats. In neither the chronically sodium-depleted nor ACE-inhibited rats did we observe concurrent decreases in arterial pressure, indicating that these effects were due to an increase in renal vascular resistance following nimesulide administration. The upregulation of cortical COX-2, which occurs in chronic ACE inhibition and sodium restriction, provides an attractive explanation for these results. Therefore, these data suggest that an increased prostaglandin-mediated vasodilatory influence is the hemodynamic consequence of cortical COX-2 upregulation by dietary sodium and chronic ACE inhibition.
In contrast to our findings, Harding et al. (11) reported that COX-2 inhibition does not change RPF in NS or LS animals. Harding et al. administered a 100-l bolus of 10 Ϫ5 M NS-398 solution intravenously to 300-to 400-g rats, an ϳ1 g/kg dose.
In the present study, we administered a larger dose (3 mg/kg) of nimesulide intra-arterially, and dose-or drug-specific effects may account for the differences in our results, given a comparable IC 50 for NS-398 and nimesulide (1.77 and 1.27 M, respectively) (1).
Another question addressed by our data was whether augmented intrarenal ANG II activity is necessary for manifestation of the functional consequence of inhibiting the upregulated COX-2. The influence of COX-2 on GFR and RPF was greater in the combined ACE-inhibited group than in the acute ACEinhibited group, although both groups showed elevated urinary prostaglandin excretion compared with control levels. However, the total prostaglandin and PGE 2 excretion was significantly greater in the cACEi than the aACEi group and likely accounts for the greater functional influence. Such similarity between the LS and cACEi groups supports an increased vasodilatory influence from the upregulated COX-2 expression. Further comparison of results from the LS group with results from the cACEi group endorses a direct COX-2-derived prostaglandin hemodynamic influence that is not contingent on the prevailing RAS activity.
Various studies have focused on the roles of the renal principal vasoconstrictive [thromboxane A 2 (TxA 2 )] and vasodilatory (PGE 2 and PGI 2 ) prostaglandins during sodium restriction. In contrast to the diminished vasoconstricting influence suggested by decreased TxA 2 levels (39) and TxA 2 synthase activity (39) during sodium restriction, the role of PGE 2 via augmented microsomal PGE synthase-1 (20) and prostaglandin (EP 4 ) receptor (19) expression is enhanced. Furthermore, macula densa cells have been shown to release PGE 2 in response to low salt (27) . This is consistent with the increased overall COX-2 vasodilatory influence demonstrated Fig. 6 . A: effects of COX-2 inhibition [COX-2(Ϫ); nimesulide, 3 mg/kg body wt] on absolute sodium excretion in rats maintained on NS or LS for 5 days. B: effects of COX-2 inhibition on absolute sodium excretion in rats after acute captopril (5 mg/kg body wt) alone (aACE) or in combination with chronic captopril (100 mg/kg body wt) for 7 days (cACE). *P Ͻ 0.05. C: effects of COX-2 inhibition on fractional sodium excretion in rats maintained on NS or LS for 5 days. D: effects of nimesulide on fractional sodium excretion in rats after acute captopril alone or in combination with chronic captopril for 7 days. *P Ͻ 0.05.
by these experiments when the enzyme expression is upregulated during LS diet and ACE inhibition.
The interaction of the COX isoforms was explored in several studies in which COX-1-mediated vasoconstriction that was demonstrated in the systemic vasculature was not observed in the renal microcirculation. During elevated intrarenal ANG II, the addition of meclofenamate, a nonselective COX inhibitor, augmented nimesulide-mediated reductions in blood pressure but did not alter nimesulide-induced reductions in renal vascular resistances, GFR, or RPF (26) . Also, in studies using selective COX-1 (genetic deletion and pharmacological) inhibition, COX-1-augmented ANG II increases in systemic resistances were not apparent in the vascular resistances that influence CBF or MBF (29) . The present experiments demonstrate RPF values that are decreased by COX-2 inhibition and are not different from those measured during combined selective inhibition of the COX isoforms. This suggests that the effects of COX-1 on RPF are the opposite the vasodilatory influence of COX-2 under augmented cortical COX-2 expression in the LS and cACEi groups.
In the present study, we also investigated the functional role of COX-2 to interact in regulating sodium excretion during varying ANG II activity. Nimesulide caused significant FE Na and U Na only in the LS group. However, the antinatriuresis caused by nimesulide in LS animals is absent during combined ACE inhibition and suggests the involvement of unopposed ANG II. Therefore, in contrast to COX-2 influence on hemodynamics, these results provide evidence for an ANG II-dependent COX-2 influence on sodium excretion.
Maintenance of medullary prostaglandin levels during sodium restriction could oppose the MBF effects of augmented medullary ANG II activity, similar to our observation in the cortex. Indeed, kidney ANG II and PGE 2 have an opposite effect on vasa recta flow (5) . Decreases in MBF and augmentation of ANG II-mediated MBF reductions by inhibition of COX-2, but not COX-1, suggest that COX-2 is the source of that PGE 2 (29) . Consistent with these findings, these experiments demonstrate that nimesulide reduced MBF in all groups. While the decreased MBF could alternatively be explained as a consequence of decreased total RBF, the decrease in NS rats was not accompanied by a significant reduction of RPF or CBF, suggesting that the reduction of MBF is not primarily mediated by reduced total RBF.
However, neither sodium restriction nor ACE inhibition, maneuvers associated with increased (17) and decreased intrarenal ANG II activity (9) , affected the magnitude of nimesulide-induced MBF reduction among the groups. Therefore, we conclude that COX-2 activity helps maintain MBF, regardless of changes in intrarenal ANG II activity. Studies have demonstrated MBF reductions by captopril (6, 10, 22, 32) that are augmented by nonselective COX inhibition (5) . The difference in our results likely reflects that selective inhibition in these experiments maintains medullary vasodilatory PGE 2 and PGI 2 derived from COX-1 during the loss of regulated COX-2 supplement.
In addition, our results suggest that the mechanism by which COX-2 inhibition alters sodium excretion in the LS group is not principally dependent on associated changes in MBF, given that similar reductions in the NS group were not accompanied by significant decreases in sodium excretion. Another possible mechanism responsible for the reduced sodium excretion could involve COX-2-dependent sodium transport activity. Indeed, PGE 2 has been shown to reduce sodium transport in isolated thick ascending limbs (35) and collecting duct (33) . Nevertheless, the absence of COX-2 effects during combined ACE inhibition could reflect diminished ANG II-dependent sodium reabsorption available for prostaglandin modulation that is otherwise present in the thick ascending limb or collecting duct or, indirectly, through aldosterone-regulated epithelial sodium channel activity (2, 12) .
In the collecting duct, the effect of COX-2-derived PGE 2 on sodium transport may be further dependent on whether it acts in the tubular or interstitial environment. The implication of dual prostaglandin sources on renal excretory function is highlighted by studies in cortical collecting ducts, where PGE 2 applied to the basolateral membrane decreases EP 1 or EP 3 receptor-mediated amiloride-sensitive sodium transport, whereas EP 4 receptor activation increases transport when applied apically (33) . Furthermore, dietary sodium is positively correlated with apical expression of prostaglandin transporters (3). Therefore, during sodium restriction, polarized cellular EP receptor localization and decreased transcellular prostaglandin transport could lead to PGE 2 derived from upregulated cortical COX-2 to favor activation of EP 4 proreabsorption in opposition to EP 1 and/or EP 3 antireabsorptive functions.
In summary, these experiments demonstrate that upregulation of COX-2 expression by ACE inhibition is associated with prostaglandin-mediated vasodilation and preservation of the renal hemodynamic indexes GFR, RPF, and MBF. By employing dietary variation, we confirm similar consequences in rats. In addition, these experiments support the notion that COX-2-derived prostaglandin effects on hemodynamics are not contingent on ANG II activity. On the other hand, COX-2-mediated enhancements of FE Na and U Na are contingent on ANG II activity, but MBF changes are not. Thus it appears that COX-2 activity in ACE-inhibited and sodium-restricted rats directly promotes vasodilation in opposition to intrarenal ANG II vasoconstrictive influence on cortical and medullary microvasculature to maintain renal function while modulating ANG II effects on sodium reabsorption. Further in vivo prostaglandin receptor-specific studies would indicate the importance of these mechanisms among disease states managed by regulation of body fluid volume, including ACE inhibition and dietary sodium restriction.
